Introduction
2,4-Dichlorophenoxyacetic acid (2,4-D) is a widely used herbicide for broadleaf plants in agriculture, forestry, and lawn care (Munro et al. 1992 ). Administration of 2,4-D results in various toxicities in rodents (Charles et al. 1996; Mattsson et al. 1997; Amer and Aly 2001; Ozaki et al. 2001) , but the most notable is testicular dysfunction. The incidence of asthenospermia, necrospermia, and teratospermia is high in farmers who handle 2,4-D, and 2,4-D exposure may be associated with increased risk of early spontaneous abortion (Lerda and Rizzi 1991) . Therefore, detailed studies regarding the mechanism of 2,4-D-induced testicular toxicity would be of great importance both scientifically and socially, but the mechanism is not understood.
In rodents, 2,4-D can cause peroxisome proliferation in hepatocytes (Kawashima et al. 1984) that is mediated by peroxisome proliferator-activated receptor α (PPARα) (Lee et al. 1995) . PPARα is highly expressed in liver, heart, intestine, and renal proximal tubules, and its pathophysiological roles in these organs are partially elucidated (Aoyama et al. 1998; Watanabe et al. 2000; Kamijo et al. 2002) . In testis, PPARα is mainly expressed in Leydig cells, and at lower levels in Sertoli cells (Braissant et al. 1996; Schultz et al. 1999) . Some peroxisome proliferator chemicals decrease testosterone production (Parks et al. 2000; Kumar et al. 2000) , and long-term administration of these agents results in the development of Leydig cell tumors (Biegel et al. 2001) . However, the role of PPARα in testicular function and any potential link between 2,4-D-induced testicular dysfunction and PPARα remain unclear.
To address these issues, 2,4-D was administered to wildtype and Ppara-null mice for 2 weeks. The changes in testicular phenotypes and testosterone/cholesterol metabolism in Leydig cells were assessed. Additionally, the pregnancy rate and number of pups between 2,4-D-treated male mice and untreated female mice were investigated. This study demonstrates a crucial role of PPARα for 2,4-D-induced testicular toxicity likely due to disrupting cholesterol/testosterone homeostasis in Leydig cells and also suggests a possible molecular mechanism by which 2,4-D induces testicular dysfunction, as well as the constitutive role of PPARα in Leydig cells.
Methods

Mice and 2,4-D treatment
Male Sv/129 wild-type or Ppara-null mice (Lee et al. 1995 ) (16-20 weeks of age, 25-30 g of body weight) were used. The mice were maintained in a controlled environment at 26 °C and 60 % humidity with constant 12-h light, 12-h darkness cycle and had free access to standard laboratory chow and water. The wild-type and Ppara-null mice were divided into the two groups, vehicle-treated and 2,4-D-treated groups (n = 8/group). The 2,4-D methyl ester, purchased from Sigma-Aldrich Japan (Tokyo, Japan), was dissolved in corn oil (4 mL/kg/day) just prior to the administration and was given by gavage every day (130 mg/ kg/day) for 14 days. The 2,4-D is rapidly converted to the acid form in vivo (Frantz and Kropscott 1993) . For the vehicle-treated groups, the same amount of corn oil (4 mL/ kg/day) was given in the same manner. Twenty-four hours after the last administration, mice were killed by carbon dioxide asphyxiation. Testes were immediately removed, weighed, and subjected to histological analyses and isolation of Leydig cells. The remaining ones were snap frozen at −80 °C for the other analyses.
Assessment of fertility
To examine the link between 2,4-D exposure and male infertility, another mouse cohort was used. Male Sv/129 wild-type mice (6-8 weeks of age, 20-25 g of body weight) were randomly divided into five groups, vehicle-treated and 2,4-D-treated groups at four different doses (13, 50, 130, or 260 mg/kg/day) (n = 10/group). Each male mouse was mated with virgin untreated female wild-type mice at the similar age and body weight (1 male vs. 3 females in each cage), and the incidence of first pregnancy and the number of pups delivered were determined. The 2,4-D was dissolved in corn oil (4 mL/kg/day) just prior to the administration and was given by gavage every day. For the vehicle-treated groups, the same amount of corn oil (4 mL/ kg/day) was similarly administered. Administration of 2,4-D or vehicle was continued during mating period. The same experience was performed using male Sv/129 Pparanull mice and untreated female wild-type mice (6-8 weeks of age, 20-25 g of body weight) that had never been pregnant (1 male vs. 3 females in each cage).
Histological analysis
For light microscopy, the testes were fixed in Bouin's solution, embedded in paraffin wax, sectioned in 5 μm thickness, and stained with periodic acid-Schiff reagent and hematoxylin. For electron microscopy, the testes were fixed by whole-body perfusion using 4 % paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) (pH 7.4) for 5 min, cut into 2-mm cubes, and fixed in 2.5 % glutaraldehyde in PBS. The sections were washed with ethanol and PBS, post-fixed in 1 % osmium tetroxide and potassium ferrocyanide for 60 min, dehydrated with ethanol and acetone, embedded in Epon resin, and sequentially cut on an ultramicrotome. The ultrathin sections were double-stained with uranyl acetate and lead citrate and observed with a JEOL 1200 EX electron microscope (JEOL Ltd, Tokyo, Japan). To detect peroxisomes, cytochemical staining for peroxisomal catalase was conducted according to the method of Novikoff and Goldfischer (1969) . After washing with PBS, the tissue blocks were incubated in alkaline 3,3′-diaminobenzidine (DAB) at 37 °C for 90 min. The incubation medium pH was 9.7, and the H 2 O 2 concentration was 0.1 %. The blocks were then post-fixed in 1 % osmium tetroxide and processed for electron microscopy. Histochemical staining for cholesterol in Leydig cells was carried out using the method of Emeis et al. (1977) . Briefly, frozen sections (10 μm thick) were incubated in 0.1 M phosphate buffer (pH 7.0) containing 1.4 U/mL cholesterol esterase (Sigma), 0.4 U/mL cholesterol oxidase (Sigma), 50 U/mL horseradish peroxidase (Sigma), 0.5 mg/mL DAB, and 0.1 % (v/v) Triton X-100 for 2 h at 37 °C. After incubation, the sections were counterstained by hematoxylin.
Isolation of Leydig cells
Leydig cells were isolated and purified by the method of Gale et al. (1982) , using a procedure involving enzymatic dissociation and Percoll gradient centrifugation. Briefly, testes were decapsulated and dispersed by shaking in 25 mM HEPES buffer (pH 7.4) containing 1 mg/mL collagenase (Wako, Osaka, Japan), 1 mg/mL hyaluronidase (Sigma), and 1 mg/mL bovine serum albumin (BSA) for 20 min at 80 cycles/min at 34 °C. The dispersed tissue was immediately diluted to 40 mL with Earle's balanced salt solution (EBSS, Sigma) containing 0.07 % BSA. The tube was allowed to settle for 5 min, and the resulting supernatant was collected and centrifuged at 250×g for 5 min. The cell pellet was re-suspended in 3 mL of EBSS/BSA. The suspension was treated with 10-65 % Percoll (GE Healthcare, Piscataway, NJ) and centrifuged at 800×g for 20 min. The Leydig cells contained in a diffuse band at a density corresponding to 35-50 % Percoll (1.050-1.070 g/mL) were collected and washed. The purity of Leydig cells was assessed by histochemical 3β-hydroxysteroid dehydrogenase reaction (Steinberger et al. 1966) . More than 80 % of cells were found to be positive for 3β-hydroxysteroid dehydrogenase. Cell numbers were determined by hemocytometer as the mean of three estimates.
mRNA analysis
Purified Leydig cells were homogenized (Aoyama et al. 1989) , and total RNA was extracted using RNeasy Mini Kit (QIAGEN, Tokyo, Japan). One μg of RNA was reverse-transcribed with SuperScript II reverse transcriptase (GIBCO BRL, Paisley, Scotland). Real-time quantitative polymerase chain reaction (qPCR) was performed and analyzed with the ABI PRISM 7700 Sequence Detection System (PerkinElmer Applied Biosystems, Foster City, CA). The detection was performed by measuring the binding of the fluorescence dye SYBR Green I to double-stranded DNA. The presence of a single-PCR product was verified by agarose gel electrophoresis, and only the primers that amplified a unique band of the correct size were used for the assay. Relative expression levels were calculated by the comparative C T (cycle of threshold detection) method as outlined in the manufacturer's technical bulletin. The primer sequences were selected with Primer Express software (PerkinElmer Applied Biosystems) as shown in Supplementary Table 1 . The mRNA levels of target genes were normalized to those of glyceraldehyde-3-phosphate dehydrogenase (Gapdh).
Other methods
Serum and testicular testosterone levels were measured by radioimmunoassay using DPC total testosterone kit (Mitsubishi Kagaku Iatron, Tokyo, Japan). For testicular testosterone measurements, testes were treated using the extraction procedure provided by Diagnostic Products Corporation (Gwynedd, UK). Serum luteinizing hormone (LH) level was assayed by LH EIA system (Amersham Biosciences, Piscataway, NJ, USA). The contents of cholesterol in serum and isolated Leydig cells were determined by cholesterol C-test kit (Wako).
Statistical analysis
Quantitative data were expressed as mean ± SEM. Statistical analysis was conducted using two-way ANOVA method with Bonferroni's correction. A P value of <0.05 was considered to be statistically significant.
Results
2,4-D treatment decreases serum/testicular testosterone levels in a PPARα-dependent manner
The effect of 2,4-D on testosterone, a representative sex hormone maintaining sperm production, was examined. 2,4-D treatment significantly decreased serum testosterone levels in the wild-type mice, but not in the Ppara-null mice (Fig. 1a) . Serum testosterone levels in the vehicle-treated Ppara-null mice were lower than that in the similarly treated wild-type mice (Fig. 1a) , which was in agreement with the results from a previous study (Gazouli et al. 2002) , but this change did not reach statistical significance. Similar decreases in testicular testosterone levels were observed after the 2,4-D administration only in the wild-type mice (Fig. 1b) . Serum LH concentrations were also measured since LH is one of the principal regulators of testicular testosterone synthesis, but no significant differences were found between the mouse groups (Fig. 1c ). These results demonstrate that the 2,4-D treatment decreases serum/testicular testosterone levels in a PPARα-dependent manner.
2,4-D treatment causes atrophy of seminiferous tubules and injury of seminiferous epithelium in a PPARα-dependent manner
Pathological changes in testes caused by 2,4-D exposure were assessed using light microscopy. In the control wildtype mice, germ cells were orderly arranged in the seminiferous epithelium, and no degeneration was found (Fig. 2, top) . Similar findings were also seen in the control Ppara-null mice (data not shown). However, in the 2,4-D-treated wildtype mice, almost all of tubules were atrophic, and germ cell degeneration and disorganization of seminiferous epithelium were observed (Fig. 2, middle) . The number of spermatozoa looked fewer in the 2,4-D-treated wild-type mice compared with the vehicle-treated wild-type mice (Fig. 2, middle,  right) . Two of the six mice showed severe disorganization of seminiferous epithelium, and three exhibited marked exfoliation of elongated and/or round spermatids. On the other hand, no apparent tubular atrophy was observed in the 2,4-D-treated Ppara-null mice (Fig. 2, bottom ). There were a few tubules with exfoliation of spermatids, but germ cell degeneration was rarely observed in these mice (Fig. 2 , bottom). Leydig cell degeneration could not be detected in any of the 2,4-D-treated mice by light microscopy.
Electron microscopic examination revealed that Sertoli cells from the control wild-type and Ppara-null mice had no histological abnormalities (Fig. 3 , left top, and data not shown, respectively). In the 2,4-D-treated wild-type mice, many vacuoles in various sizes were detected in the cytoplasm of Sertoli cells (Fig. 3 , left middle), but the corresponding vacuoles were less abundant in the 2,4-D-treated Ppara-null mice (Fig. 3, left bottom) . Sertoli cells support the architecture of seminiferous tubules and maintain testicular microenvironment required for development and maturation of spermatogenic cells (Maqdasy et al. 2013) . Therefore, various morphological abnormalities in seminiferous tubules observed in the 2,4-D-treated wild-type mice are likely associated with Sertoli cell abnormalities.
2,4-D treatment decreases lipid droplets in Leydig cells in a PPARα-dependent manner
Since maintenance of Sertoli cells is highly dependent on testosterone synthesized in Leydig cells (Skinner et al. 1991) , pathological changes in Leydig cells were investigated. Based on the fact that 2,4-D possesses peroxisome-proliferating properties (Abdellatif et al. 1990) , cytochemical staining for peroxisomal catalase was performed in Leydig cells to identify peroxisome proliferation. Electron microscopic analysis revealed that the number of peroxisomes seemed to be similar between the control and 2,4-D-treated wild-type mice (Fig. 3) . However, many highly stained particles were found in the cytoplasm of Leydig cells in the control wild-type mice (Fig. 3 , right top, indicated as L) and Ppara-null mice (data not shown). These particles were much larger in size than peroxisomes and exhibited a clearly different staining pattern from peroxisomes (the inset in Fig. 3 , right top, indicated as white arrowheads). According to other reports (Reddy and Svoboda 1972; Mendis-Handagama et al. 1990 ), these particles were considered to be lipid droplets. For the control groups, the same volume of corn oil was given as a vehicle (Veh). After treatment for 14 days, the mice were killed and serum/testicular testosterone (a, b) and serum luteinizing hormone (LH) levels (c) measured. Values were expressed as mean ± SEM (n = 5-8). Statistical analysis was performed using ANOVA test with Bonferroni's correction. **P < 0.01; NS not significant between the 2,4-D-treated and Veh-treated mice in the same genotype
The number of these particles was significantly decreased in the 2,4-D-treated wild-type mice (Fig. 3 , right middle) compared with the controls, whereas such decreases were not seen in the 2,4-D-treated Ppara-nulls (Fig. 3, right  bottom) .
2,4-D treatment decreases cholesterol contents in Leydig cells in a PPARα-dependent manner
Since cholesterol and cholesterol ester are major components of lipid droplets in Leydig cells (Mrotek et al. 1981) , the cholesterol contents were quantified using Leydig cells isolated from the mice. The levels of total cholesterol were significantly decreased in Leydig cells isolated from the 2,4-D-treated wild-type mice compared with the control wild-type mice (Fig. 4a) . The reductions in total cholesterol in Leydig cells were not detected in the 2,4-D-treated Pparanull mice (Fig. 4a) . Serum total cholesterol concentrations were increased only in the 2,4-D-treated wild-type mice (Fig. 4b) .
Additionally, cholesterol esters in Leydig cells were stained using the method of Emeis et al. (1977) in which cholesterol esters preferentially stain brown. Some stained particles were observed in Leydig cells of the control wildtype mice, which were similarly seen in the control Pparanull mice (Fig. 4c) . These stained particles were rarely detected in the 2,4-D-treated wild-type mice (Fig. 4c) , whereas many particles were found in the 2,4-D-treated Ppara-null mice (Fig. 4c) . Collectively, these results indicate that the 2,4-D treatment significantly decreases cholesterol contents in Leydig cells in a PPARα-dependent manner. Since testosterone is synthesized from cholesterol, PPARα-mediated disruption of cholesterol metabolism in Leydig cells by 2,4-D administration presumably led to marked decreases in testicular testosterone and abnormalities in seminiferous epithelium and Sertoli cells. 
2,4-D treatment down-regulates the expression of genes involved in de novo cholesterol synthesis in Leydig cells in a PPARα-dependent manner
To understand the mechanism of PPARα-dependent disruption of cholesterol/testosterone metabolism in Leydig cells, the mRNA levels of genes associated with cholesterol/ testosterone metabolism were determined. No significant changes were observed in the mRNAs encoding scavenger receptor B1 (Scarb1) and low-density-lipoprotein receptor (Ldlr) in the wild-type mice after the 2,4-D treatment (Fig. 5a) . Very low levels of Ldlr mRNA suggest that Scarb1 plays a major role in cholesterol uptake on the surface of Leydig cells. The 2,4-D treatment significantly decreased the levels of mRNA encoding 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) synthase 1 (Hmgcs1) and reductase (Hmgcr), rate-limiting enzymes in de novo cholesterol synthesis, in the wild-type mice, but not in the similarly treated Ppara-null mice (Fig. 5b) . The expression of mRNA encoding sterol-responsive element-binding protein 2 (SREBP2, encoded by Srebf2), one of the master regulators of Hmgcs1 and Hmgcr mRNA levels, was also decreased (Fig. 5c) . These results indicate that cholesterol synthesis is suppressed by 2,4-D administration through PPARα.
Next, the mRNA levels of the six key genes involved in testosterone synthesis from cholesterol in Leydig cells were examined. After the 2,4-D treatment, no significant changes were observed in the mRNAs encoding steroidogenic acute regulatory protein (Star), peripheral-type benzodiazepine receptor (Acbd3), cytochrome P450 (CYP) 11A1 (Cyp11a1), hydroxy-delta-5-steroid dehydrogenase, 3-beta and steroid delta-isomerase 1 (Hsd3b1), and hydroxysteroid (17-beta) dehydrogenase 3 (Hsd17b3) between the two mouse groups (Fig. 6) . CYP17A1 (Cyp17a1) mRNA expression was decreased in the wild-type mice after the 2,4-D treatment, while no change was observed in the Ppara-null mice (Fig. 6) . The decrease in Cyp17a1 mRNA by the 2,4-D treatment may faintly influence whole testosterone synthesis ability.
Furthermore, the constitutive mRNA levels of these genes involved in cholesterol/testosterone synthesis in Leydig cells were compared between the control wildtype mice and the Ppara-null counterparts. Interestingly, the mRNA levels of Hmgcs1, Hmgcr, Acbd3, Cyp11a1, Hsd3b1, and Cyp17a1 in the control Ppara-null mice were approximately a half of those in the control wild-type mice (Figs. 5, 6 , P = 0.006, 0.008, 0.028, 0.001, 0.038, and 0.001 for Hmgcs1, Hmgcr, Acbd3, Cyp11a1, Hsd3b1, and Cyp17a1, respectively, calculated by Bonferroni's post hoc analysis). These decreases were correlated with tendencies to lower serum/testicular testosterone levels (Fig. 1a, b) .
2,4-D treatment reduces pregnancy rate in a PPARα-dependent manner
Lastly, in order to assess the influence of 2,4-D for male fertility, the male wild-type mice treated with 2,4-D were mated to the naïve female wild-type mice, and the incidence of first pregnancy and the number of total pups Values were expressed as mean ± SEM (n = 5). Statistical analysis was performed using ANOVA test with Bonferroni's correction. *P < 0.05; ***P < 0.001; NS not significant between the 2,4-D-treated and Veh-treated mice in the same genotype. c The abundance of cholesterol ester in Leydig cells was assayed using frozen testis sections obtained from vehicle (Veh)-or 2,4-D-treated Sv/129 wildtype (WT) or Ppara-null (KO) mice and cytochemical staining according to the method of Emeis et al. Arrows indicate cholesterol-rich particles was evaluated. The pregnancy rate was reduced by the 2,4-D treatment in a dose-dependent manner between the wild-type males and females, but this reduction was not found in the Ppara-null males and wild-type females (Fig. 7a) . A similar tendency was detected in the number of total pups obtained in the first childbirth (Fig. 7c) . Therefore, PPARα-mediated testicular toxicity by the 2,4-D administration may lead to impaired male fertility in mice. Interestingly, the miscarriage rates tended to be high in the Ppara-null mice despite the absence or presence of the 2,4-D treatment under unknown reasons (Fig. 7b) . or Ppara-null (KO) mice and were subjected to qPCR analysis. a The mRNA levels of genes encoding scavenger receptor BI (Scarb1) and low-density-lipoprotein receptor (Ldlr). b The mRNA levels of genes encoding HMG-CoA synthase 1 (Hmgcs1) and reductase (Hmgcr), involved in de novo cholesterol synthesis. c The mRNA levels of genes encoding sterol-responsive element-binding protein 2 (Srebf2). The mRNA levels of these mRNAs were normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA and expressed as mean ± SEM (n = 3). Statistical analysis was performed using ANOVA test with Bonferroni's correction. *P < 0.05; **P < 0.01; NS not significant between the 2,4-D-treated and Veh-treated mice in the same genotype Fig. 6 Quantification of mRNA levels of genes associated with testosterone metabolism in Leydig cells. The cDNA samples used in Fig. 5 were adopted. The mRNA levels of genes encoding steroidogenic acute regulatory protein (Star), peripheral-type benzodiazepine receptor (Acbd3), cytochrome P450 (CYP) 11A1 (Cyp11a1), hydroxy-delta-5-steroid dehydrogenase, 3 beta-and steroid deltaisomerase 1 (Hsd3b1), CYP17A1 (Cyp17a1), and hydroxysteroid (17-beta) dehydrogenase 3 (Hsd17b3) were measured, normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA, and expressed as mean ± SEM (n = 3). Statistical analysis was performed using ANOVA test with Bonferroni's correction. *P < 0.05; NS not significant between the 2,4-D-treated and vehicle (Veh)-treated mice in the same genotype. WT wild-type mice, KO Pparanull mice Discussion 2,4-D, a possible endocrine disruptor, is widely used as a herbicide, and while role in its testicular toxicity has been reported (Lerda and Rizzi 1991; Munro et al. 1992; Charles et al. 1996) , the precise mechanism has not been clarified. This study revealed that 2,4-D decreased cholesterol contents in testosterone-synthesizing Leydig cells likely due to suppressed mRNAs of Hmgcs1/Hmgcr, rate-limiting enzymes in de novo cholesterol-synthesizing pathway.
However, the mRNAs encoding the major proteins involved in testosteronogenesis were unchanged by 2,4-D, except for CYP17A1, indicating that 2,4-D caused exhausted cholesterol in the cells and subsequent decreases in testicular testosterone synthesis. These changes were associated with spermatocyte/Sertoli cell damages, leading to reduced pregnancy rate and the number of total pups in the first childbirth. Importantly, these abnormalities induced by the 2,4-D treatment were not detected in Ppara-null mice. Therefore, the 2,4-D treatment impaired normal spermatogenesis due to disrupting cholesterol/testosterone homeostasis in Leydig cells through PPARα. These findings propose a possible mechanism by which 2,4-D causes testicular dysfunction (Fig. 8) .
2,4-D is also a weak peroxisome proliferator in hepatocytes. While some peroxisome proliferators, such as di-2-ethylhexyl phthalate (DEHP) (Parks et al. 2000) , trichloroethylene (Kumar et al. 2000) , 643 , and clofibric Fig. 7 2,4-D treatment reduced pregnancy rate and new born pup number in a PPARα-dependent manner. Male Sv/129 wild-type (WT) or Ppara-null (KO) mice (6-8 weeks of age) were mated with untreated female wild-type mice at the similar age and body weight that has never experienced pregnancy (1 male vs. 3 females in each cage). During mating, male mice were treated with vehicle (Veh) or 2,4-D at four different doses (13, 50, 130, or 260 mg/kg/day) every day (n = 10 males/treatment group/genotype). The incidence of first pregnancy rate (a), miscarriage rate (b), and the total number of pups delivered (c) were assessed for 12 weeks (Gazouli et al. 2002) are known to lower serum testosterone levels causing testicular atrophy and impaired spermatogenesis, the mechanistic link between decreased testosterone and peroxisome proliferation or PPARα was not understood. The previous study demonstrated that the treatment of isolated rat Leydig cells with bezafibrate, a typical peroxisome proliferator, decreased intracellular testosterone contents, but the treatment of MA-10 and R2C Leydig cell lines with the same concentration of bezafibrate did not increase catalase activity, an indicator of peroxisome proliferation, suggesting that bezafibrate can directly inhibit Leydig cell testosterone synthesis independently of peroxisome proliferation (Gazouli et al. 2002) . This is in agreement with the result of the present study that no remarkable peroxisome proliferation was detected in Leydig cells of the 2,4-D-treated wild-type mice using electron microscopy and cytochemical staining for catalase. While it was also documented that the treatment of mice with DEHP or Wy-14,643 led to a PPARα-dependent decrease in serum testosterone levels that was associated with lower testicular Acbd3 mRNA levels (Gazouli et al. 2002) , metabolic alterations other than Acbd3 that occurred in Leydig cells have not been accessed. The present study conducted comprehensive analysis of cholesterol/testosterone metabolism using isolated Leydig cells from the 2,4-D-treated wildtype and Ppara-null mice and uncovered PPARα-mediated disruption in Leydig cholesterol/testosterone-synthesizing pathway due to 2,4-D. This study offers a useful strategy for analyzing the mechanism of testicular toxicity induced by endocrine disruptors and the contribution of PPARα. It is intriguing to examine whether other endocrine disruptors and peroxisome proliferators similarly disrupt cholesterol/ testosterone metabolism in Leydig cells.
The mechanism by which 2,4-D suppressed the expression of Hmgcs1 and Hmgcr via PPARα in Leydig cells needs further investigation. In liver, bezafibrate increased mRNAs of Srebf2 and its downstream genes, such as Hmgcs1 and Hmgcr, through PPARα activation (Nakajima et al. 2008) . It was documented that after the Wy-14,643 treatment, Acbd3 mRNA was induced in liver but decreased in testis via PPARα, suggesting the presence of reciprocity in PPARα-mediated gene regulation between liver and testis (Gazouli et al. 2002) . Future studies using hepatocyte-or Leydig cellspecific Ppara-disrupted mice might address this question.
Another intriguing result was suppressed Hmgcs1, Hmgcr, Acbd3, Cyp11a1, Hsd3b1, and Cyp17a1 mRNAs in Leydig cells of the control Ppara-null mice. A trend of lower serum/testicular testosterone was also found in the control Ppara-null mice compared with the wild-type mice. Similarly, the previous study reported decreased circulating testosterone in the control Ppara-null mice compared with the wild-type counterparts (Gazouli et al. 2002) . These findings suggest that the presence of PPARα is required for maintaining constitutive testosterone synthesis in Leydig cells, but the control Ppara-null mice did not exhibit cholesterol depletion in Leydig cells and male infertility. Testosterone synthesis in Leydig cells is regulated by several transcription factors other than PPARα, such as steroidogenic factor-1, liver receptor homologue-1, and liver X receptor α (Maqdasy et al. 2013 ). In the absence of PPARα, a suitable adaptation mechanism might exist in cholesterol/ testosterone homeostasis to maintain spermatogenesis, so these abnormalities might not occur in Ppara-null mice.
To maintain normal reproductive function, a feedback mechanism is present, where decreased circulating testosterone increases circulating LH that stimulates testosterone synthesis. In this study, there were no significant increases either in LH levels or those in the mRNA expression of genes induced by LH, such as Scarb1 and Ldlr, after the 2,4-D administration. The feedback mechanism did not work, possibly due to the short-term treatment.
The results in the present study let us to consider human risk of PPARα-mediated testicular toxicity. PPARα was reported to be abundantly expressed in human Leydig cells and spermatocytes (Schultz et al. 1999 ). Mono-2-ethylhexyl phthalate, a monoester of DEHP, interacted with human PPARα and reduced testosterone in adult human testis Corton and Lapinskas 2005; Desdoits-Lethimonier et al. 2012) . Although there are no studies corroborating the direct relationship between 2,4-D-mediated testicular toxicity and PPARα in humans, human testicular toxicity induced by long-term exposure of endocrine disruptors/herbicides might be associated with PPARα.
In conclusion, these results indicate a critical role for PPARα in 2,4-D-induced testicular dysfunction due to disrupted cholesterol/testosterone homeostasis in Leydig cells. These findings propose a possible mechanism on how 2,4-D, a widely used herbicide, disrupts male reproductive system.
